Background and objectives: Cardiovascular events are 10 to 100 times more frequent in chronic kidney disease (CKD). We tested the hypothesis that the rate of atherosclerotic plaque growth is faster in severe versus moderate CKD.
C ardiovascular disease rates are very high in patients with renal disease (1) , but the underlying mechanisms are incompletely understood. Traditional cardiovascular risk factors do not explain the increased risk (2) , and observational studies have observed paradoxical or absent associations between classical risk factors (such as cholesterol and BP) and mortality in dialysis patients. A large randomized controlled trial, the 4D Study (Die Deutsche Diabetes Dialyze Studie), did not demonstrate benefit from cholesterol reduction with statins in diabetic dialysis patients (3) . The ALERT (Assessment of Lescol in Renal Transplantation) study found that statin therapy in kidney transplant patients reduced the rates of several secondary cardiovascular outcomes, although differences between groups in the primary outcome did not achieve statistical significance (4) . These results are not perfectly consistent with the paradigm of "accelerated atherosclerosis" proposed by Lindner and colleagues over 30 years ago (5) .
The present study tested the hypothesis that the rate of plaque growth is progressively increased at progressively lower creatinine clearance (CCr) in patients with impaired kidney function. We asked three fundamental questions: (1) how much intimal plaque is present in patients with reduced kidney function, (2) what is the rate of progression of atherosclerosis in such patients, and (3) is progression faster in patients with more severe depression in renal function? We studied a cohort of patients with chronic kidney disease not on dialysis, reasoning that risk factor associations might be more easily discerned before end stage renal disease.
Materials and Methods
The study was conducted in five university-affiliated Canadian academic nephrology centers (Winnipeg, Manitoba; London, Ontario; Vancouver, British Columbia; Hamilton, Ontario and St John's, Newfoundland). The study was approved by the research ethics boards of all institutions involved. Informed consent was obtained for all participants.
Study Population
Between 1999 and 2003, we enrolled 318 patients with 24-h urine CCr between 20 and 50 ml/min/1.73 m 2 at the participating centers. Study entry criteria based on CCr were developed and implemented before the widespread acceptance of the current chronic kidney disease (CKD) staging criteria and Modification of Diet in Renal Disease (MDRD) estimation formulas. Our study patients correspond approximately to CKD stages 3 and 4 as defined in the current Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines. Patients were excluded if they had active autoimmune disease or malignancy. (12) 57 (11) 57 (12) 61 (12) 56 (14) 61 ( 140 (22) 140 (23) 138 (21) 144 (24) 141 (22) 139 (21) 0.6
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Data Collection
Clinical data were obtained by oral history combined with review of all available medical records, including electrocardiograms and echocardiograms. All clinical data were collected on standardized forms and faxed to a central data management center (Dr. Levin, Centre for Health Outcomes and Evaluation, University of British Columbia, Vancouver) , where the data were entered into an electronic database.
Timed Urine Collections. Twenty-four hour urine collection for CCr and protein excretion was obtained at baseline. Patients did their own collection. Criteria for adequate collection were as follows: urine volume greater than 1 L and urine creatinine excretion greater than 0.13 Ϯ 0.02 mmol/kg/d. Patients with suspected inadequate collections were reminded of proper collection protocols, and the collection was repeated.
Measurement of Carotid Intimal Plaque Area
Carotid intimal plaque area measurements were scheduled every 6 mo. They were performed by a single trained technician at each center, using the same ultrasound equipment to minimize technique-related variation. The technique used has been published and validated by others, and is known to be predictive of cardiovascular events in non-CKD populations (6 -8) . Briefly, high-resolution duplex ultrasound was used to image the right and left common, internal, and external carotid arteries. Plaque was defined as a local intimal thickening of at least 1 mm. The plane of measurement chosen was that in which the largest extent of plaque was visualized in a given arterial segment. Total plaque area was defined as the sum of cross-sectional areas of all plaques seen between the clavicle and the angle of the jaw in both carotids.
Other Variables
The following clinical and laboratory variables were recorded at baseline: age, gender, diabetic status, race, and original renal disease; smoking history and alcohol use; previous history of hypertension, MI, coronary revascularization, congestive heart failure, ischemic stroke, and amputation for peripheral vascular disease; height, weight, BP, hemoglobin and serum calcium, phosphate, albumin, urea, creatinine, fasting lipid profile (total cholesterol, LDL, HDL cholesterol, and triglycerides), and parathyroid hormone levels. Physical exams and chart reviews were performed by the participating centers.
Statistical Analysis
Continuous variables were expressed as mean Ϯ SD, or, where indicated, median and interquartile range (IQR). Categorical variables were expressed as number and percentages. Bivariate comparisons were made using t tests, Kruskal-Wallace, and 2 tests as appropriate.
Multivariate Modeling of Baseline Plaque. We first explored multivariate associations between biologically related subsets of variables and baseline plaque. A final overall model was created by including all variables significant at P Յ 0.2 on bivariate testing and applying backward selection to remove nonsignificant variables. As a final step, variables known to be biologically associated with atherosclerosis were reintroduced into the model to make sure that no significant associations were missed.
Modeling of Plaque Progression in Patients with Plaque at Baseline. Plaque area was heavily skewed. A cube root transformation was used to curb departures from normality, as done by Bennett et al. (8) . The rate of change of plaque area was determined for each patient as the slope of the least squares regression line fitted to all transformed plaque area estimations for that patient. In the 10% of patients with only two ultrasounds, the simple slope was used instead. This slope was used as the dependent variable in linear regression analyses. CCr was analyzed in quintiles because the relationship with rate of progression was not linear. The following models were created: model 1: plaque area progression as a function of CCr quintile; model 2: Model 1 plus adjustment for baseline plaque and study center; Model 3: model 2 plus adjustment for any variable noted to be significant at P Յ 0.2 on the bivariate comparisons, any variables known to be associated with atherosclerosis in non-CKD populations, as well as adjustment for number of plaque measurements and follow-up duration. Finally, a sensitivity analysis replacing CCr with MDRD GFR quintiles was performed.
Results
We enrolled 318 prevalent CKD patients in five Canadian centers over the period of the study. Baseline characteristics are presented in Table 1 . Median follow-up was 13 (IQR ϭ 13) months. None of the participants died during the observation period, which in some individuals extended to 48 mo, yielding a mortality rate lower than reported for other stages 3 and 4 CKD patients (see Discussion). Median number of plaque estimates was three (IQR ϭ 2) per patient. The distribution of carotid ultrasounds was: 34 patients (10%) with two carotid ultrasounds, 163 patients (52%) with three ultrasounds, 79 (25%) with four to five ultrasounds, and 42 (13%) with six to nine ultrasounds. Study patients were younger (mean age, 58 to 60 yr) than in other published CKD cohorts (mean age, 65 to 67 yr) (9 -10), but were similar in terms of gender distribution, cause of renal disease, and comorbidities. Statistically significant differences between quintiles were noted for hemoglobin, serum calcium, and serum phosphate, as expected. A lower proportion of patients with coronary artery disease in the first and fifth quintiles was apparent. Statistical trends toward a higher number of plaque estimates in patients with higher quintile of CrCl, toward longer follow-up times in quintile 4, and toward higher median plaque area in quintile 3 were noted.
Determinants of baseline plaque:
Seventy-six (76) of 318 patients had no detectable plaque at baseline, whereas 242 had measurable plaque. Median plaque area overall was 23 (IQR ϭ 1 to 84) mm 2 . In patients with plaque at baseline, it was 41 (IQR ϭ 13 to 112) mm 2 . Older age, diabetes, history of cardiovascular disease (documented prior myocardial infarction, ischemic stroke, or peripheral arterial disease), history of smoking, high BP (systolic, pulse and mean arterial), and elevated PTH were all associated with plaque in bivariate comparisons (Table 2) . Of the demographic and clinical variables, age, diabetes, and history of cardiovascular disease were significantly associated with presence of plaque, and remained so in the final model (Table 3) . Of the BP variables, elevated pulse pressure was most closely associated with plaque and was significant in the final model. Lower serum albumin, higher serum creatinine, and elevated 24-h urine protein excretion were all associated with plaque within the renal function group, but only low serum albumin remained statistically significant in the final model. None of the measures of lipid status was associated with plaque. Within the divalent ion metabolism group, PTH level (log transformed) demonstrated the strongest associations.
Predictors of Developing De Novo Plaque
Only 15 (19%) of the 76 patients without plaque eventually developed detectable de novo plaque, whereas the remaining 61 remained plaque free for the duration of follow-up. In bivariate comparisons, older age (51 versus 44 yr, P ϭ 0.03) and lower serum calcium levels (2.2 versus 2.3 mmol/L, P ϭ 0.03) were associated with de novo plaque at 1 yr. The small numbers did not permit multivariate modeling.
Determinants of Plaque Progression in Patients with Plaque at Baseline
Plaque area did increase over time. Median rate of untransformed plaque area change was ϩ 3.0 (IQR ϭ 0, 15) mm 2 per year. This corresponds to a median plaque area increment in the cohort as a whole of 7%/yr, and a median plaque doubling time of 10 yr.
In our primary analysis, plaque growth was statistically significantly slower in the lowest quintile of CCr (Table 4) . Age, female gender, pulse pressure, calcium-based phosphate binder use, and PTH were also associated with rate of plaque area change in bivariate analyses. Center and baseline plaque were very strongly associated with change in plaque area and were included in all multivariate analyses. Follow-up duration and number of plaque area measurements were not significantly associated with rate of plaque progression. The relationship between CCr quintile and plaque progression remained statistically significant after adjustment for baseline plaque and center, inclusion of variables significant on bivariate testing, forced inclusion of factors known to influence atherosclerosis progression (age, sex, smoking status, diabetic status, BP, and lipid levels), duration of follow-up, and number of plaque estimates (Table 5) . In a sensitivity analysis, we excluded center 5 (n ϭ 107), which had significantly higher plaque progression rates. The ␤ coefficients of the model remained similar to the main analysis (table not shown). In a second sensitivity analysis, there was no association between rate of plaque growth and quintiles of MDRD GFR (11) ( Table 6 ).
Discussion
Our present study suggests that plaque growth is not accelerated at lower levels of renal function. Neither our primary analysis, based on CCrs quintiles, nor a sensitivity analysis, based on MDRD GFR, demonstrated faster rates of plaque growth at lower levels of kidney function.
Our primary analysis suggested that plaque growth progressed more slowly, not faster, in patients at the lowest quintile of CCr. In multivariate models, we were unable to attribute these results to confounding by other risk variables, to center effects, or to the modest differences observed in number of plaque measurements and follow-up duration between CCr quintiles. However, In a sensitivity analysis, a drop in rate of plaque growth in the lowest quintile of MDRD GFR was not observed.
The reason for this discrepancy is not clear. The major pitfall of 24-h urine collections in routine use is inadequate collection leading to underestimated renal function. This risk was likely reduced but not eliminated by our study protocol. MDRD eGFR, although not dependent on urine collection, is sensitive to the method of creatinine measurement, which was not standardized against a reference lab and may have differed from center to center. We do not have data to permit post hoc adjustment of creatinine to a reference standard. It is possible that variations in creatinine assays may have increased variability and introduced misclassification bias of the MDRD GFR, diminishing observed differences between renal function quintiles. This variation would have less influence on the accuracy of 24-h urines, because urine and serum creatinine were measured with the same technique at each center, and would cancel out in the clearance calculation. Because of the differences between the primary (CCr) and secondary (MDRD GFR) analyses, we cannot be certain that plaque growth truly slows down at low levels of renal function. Importantly, however, neither analysis supported our original hypothesis that plaque area grows faster at lower levels of renal function. Our findings are consistent with two other studies that measured plaque volume with intravascular ultrasound (IVUS). A meta-analysis by Nicholls et al. analyzed 989 patients participating in three cardiovascular studies monitoring plaque progression by IVUS (12) . The investigators did not find any differences in plaque volume or plaque growth in patients with GFR Ͼ 60 ml/min versus those with GFR Յ 60 ml/min. A study by Gruberg et al. also failed to find a significant association between plaque volume on IVUS and decreased GFR, although they did find higher plaque burden in the dialysis subgroup (13) . Our study reinforces these observations, extending them to a prevalent CKD cohort. These data together suggest that the accelerated cardiovascular event rate in CKD is not due to plaque growth per se.
Our findings (and those of Nicholls and Gruberg) are in apparent conflict with some (14 -17), but not all (18 -20) , studies assessing the relationship between kidney function and carotid intimal medial thickness (IMT). Interstudy differences in populations, distribution of GFR, and medications could account for some of this variation. Cross-sectional analyses (15) (16) (17) (18) (19) (20) , moreover, do not measure progression. The finding that IMT is higher at reduced GFR does not necessarily imply that IMT increases faster at lower GFR. Such an association could result from confounding by shared causal mechanisms, such as hypertension or diabetes.
Most importantly, the technique of IMT lacks specificity for plaque. IMT measures arterial wall thickness from the luminal Preston (16) . The increased IMT observed in some studies (14 -20) could reflect progressive arteriosclerosis rather than plaque growth in CKD, thus accounting for some of the differences between studies measuring IMT and those, including ours, measuring plaque area or volume (12) (13) . Moreover, because arteriosclerosis is known to be associated with left ventricular hypertrophy, decreased coronary perfusion, and downstream clinical events in ESRD patients and the general population (21) (22) , the association between IMT and clinical events in ESRD patients (23) could in part reflect the link between arteriosclerosis and cardiovascular outcome, rather than plaque growth and outcome. If plaque growth is not accelerated in CKD, then other mechanisms must explain the excess cardiovascular disease. Arteriosclerosis, as distinct from atherosclerosis, may be an important factor, as discussed above. It is possible too, as suggested by Nicholls et al. (12) , that differences in plaque composition (e.g., calcification), endothelial dysfunction, and inflammation between CKD and non-CKD patients could alter plaque vulnerability and downstream clinical events independently of plaque growth.
Our study has several important limitations. We did not study patients with normal or near-normal GFR, and thus cannot comment about plaque progression in these groups. We studied a referred cohort that experienced better clinical outcomes than reported in other studies, and it may not be possible to generalize our findings to population-based CKD cohorts or cohorts with higher event rates. We observed considerable between-center variation in plaque area, and despite adjustment for center, residual confounding may still be present. We measured only intimal disease with carotid intimal plaque area, and did not measure indices of other vascular changes. Further prospective studies of vascular remodeling in incident patient cohorts at all stages of CKD, using multiple metrics of vascular remodeling (e.g., plaque area or volume, IMT, compliance, calcification), are needed to better understand the evolution of vascular changes occurring in CKD.
Conclusion
We did not find evidence that carotid plaque grew faster in CKD patients with severe versus moderate renal impairment. Our results are congruent with those of studies measuring rate of change of plaque volume. There was a suggestion that patients with the lowest quintile CCr had slower rates of progression than patients with higher CCrs. Further prospective studies of vascular remodeling in incident CKD cohorts are needed to understand the precise nature and clinical consequences of vascular changes in renal disease.
